We study the effect of strong antiferromagnetic exchange interactions in metallic grains in the Coulomb blockade regime. These interactions can be large in superconducting systems or in metallic antiferromagnetic particles. We extend the standard description of the grain in terms of a single collective variable, the charge and its conjugated phase, to include the spin degree of freedom. The suppression of spin fluctuations enhances the tendency towards Coulomb blockade. The effective charging energy and conductance are calculated numerically in the regime of large grain-lead coupling. 
Introduction
Coulomb blockade in metallic grains is a well studied phenomenon [1, 2] . The transport through a grain in the Coulomb blockade regime can be studied using rate equations when the coupling to the leads is weak [1, 3] . The renormalization of the charging energy when the coupling to the leads is large is also well understood [3] [4] [5] [6] . This strongly coupled regime is best studied by introducing a single collective degree of freedom, the phase, conjugated to the total number of electrons in the grain Q/e [7] [8] [9] . The use of this variable is justified when the separation between the electronic levels within the grain can be neglected, or, alternatively, when the conductance of the grain is large. In this limit, the interaction effects within the grain can be described by a simple Hamiltonian [10] , expressed in terms of the total charge (E C (Q − Q 0 )
2 ), the total spin (J S S 2 ) and the individual electronic degrees of freedom.
In the presence of attractive interactions in the grain a pairing term (λ BCST +T , whereT = α c α↑ c α↓ ) should also be included [11] that will drive the system towards superconducting state with energy gap ∆ BCS . In such case both the pairing λ BCS and the exchange J S will grow under renormalization group (integration of energies down from Thouless energy) to a scale much larger than the a e-mail: pablo@tfp.uni-karlsruhe.de bare one, which is initially of the order of the level spacing. Moreover due to the attractive character of the interaction, the spin susceptibility due to exchange will be positive, so that spin fluctuations get suppressed much in the same way as charge fluctuations do due to the charging energy. The essential distinction between the two will stem from the topological differences between spin group SU (2) and charge group U (1) in which their conjugate phases exist.
In the following, we will generalize the usual description of a small grain in the Coulomb blockade regime in terms of phase dynamics [7] . We include also the dynamics of the total spin of the grain in SU (2), on the same footing as the total charge. We assume that the grain has a negligible level spacing and a finite positive renormalized susceptibility according to the arguments above.
The effects of a constant exchange term on the transport properties of a quantum dot has already been studied in the limit where the coupling to the leads is weak, using rate equations [12] [13] [14] . The present formalism goes one step beyond this by summing all processes up to cotunneling level. However we do not consider here the changes in the grain susceptibility induced by the spin-orbit coupling which has been considered by other authors [15] .
The next section contains an analysis of systems where the regime studied in this paper can be achieved. Then we formulate the model to be studied. The model is analyzed using path integral methods, which are described in the 310 The European Physical Journal B next section. We then present the main results, and the last section summarizes the main conclusions.
Metallic grains with antiferromagnetic exchange
As mentioned in the introduction, the universal Hamiltonian proposed for small metallic systems in the diffusive regime [11] includes a ferromagnetic exchange term, whose magnitude is of the order of the level spacing within the grain. This contribution is a generalization of the direct exchange interaction in atoms and molecules. Our work here focuses on the collective properties of the grain, at scales larger than the level spacing. In the following, we discuss two situations where the fluctuations of the spin of the grain are determined by interactions which can be much larger than the level spacing.
Antiferromagnetic metallic grains
There are a variety of materials which exhibit a metallic antiferromagnetic phase at low temperatures. One of the most studied class of materials which exhibit this phase are the heavy fermion compounds [16] , and the antiferromagnetic metallic -paramagnetic transition is a well-known example of quantum critical point [17] .
The ground state of finite antiferromagnetic clusters is a singlet. Its excitation spectrum can be split into two regimes [18]: (i) at low energies, J AF (a/L), where J AF is the antiferromagnetic coupling between neighboring spins, a is the lattice constant, and L is a length proportional to the dimension of the system, the spin excitations are global rotations of all the spins mutually locked into an antiferromagnetic configuration. The effective Hamiltonian at these scales is a quantum rotor, equivalent to the spin term to be studied in this article. The coupling which characterizes the stiffness of the total spin scales as J S ∼ J AF /N s , where N s is the total number of spins. This coupling scales in a similar way as the level spacing, ∆ ∼ W/N el , where W is the width of the conduction band, and N el is the total number of electrons in the conduction band; (ii) at higher energies, J AF (a/L) the excitations can be described as confined spin waves.
The total spin of the system can be considered a collective variable in regime (i). When J S ∆, the fluctuations of the total spin take place at frequencies much larger than the level spacing, and the discussion in the following sections is applicable. In typical metallic antiferromagnets, J AF ≤ W , although this inequality can be reversed in heavy fermion metals, with a narrow resonance at the Fermi level. On the other hand, the number of spins is related to the number of magnetic ions in the system, while the total number of electrons is determined by all the bands at the Fermi level, in a system with many atoms in the unit cell. Hence, the inequality N S N el can be satisfied in a variety of systems. 
Superconducting grains
As mentioned in the introduction, in a metallic grain with attractive interactions, the universal Hamiltonian contains a pairing term and a spin term with positive exchange, J S > 0, favoring a singlet ground state. The integration of high energy electon-hole pairs required to define the Hamiltonian at low energies lead to the enhancement of these two terms. If we neglect momentarily the pairing contribution, we can define an effective Hamiltonian at temperatures near, or below, the bulk critical temperature, with J S ∼ ∆ BCS ∆, where ∆ BCS is the bulk superconducting gap and ∆ is the level spacing.
The effect of the pairing term is to reduce phase fluctuations, and to open a gap in the electronic spectrum. In a completely isolated grain, the quantum fluctuations of the collective phase are determined by the charging energy, which leads to the same effective model for a metallic or superconducting grain (see below). The spectrum of quasiparticle excitations determines the coupling to the external leads, and, in particular, the long time properties of the kernel which leads to the damping of charge fluctuations [7] . To second order in the hopping between the grain and the external lead, a gap in the spectrum of the grain leads to a short range kernel, with a typical decay on time scales of the order of the inverse of the superconducting gap. Thus, this contribution to the action is irrelevant for low frequency correlations at temperatures much below the gap, and will be ignored.
We consider here grains strongly coupled to the external leads. Then, at fourth order in the hopping between the grain and each individual channel in the leads, Andreev reflections lead to a long range (Ohmic) kernel at long times [19, 20] . In the absence of the spin effects considered here, the effective description of a superconducting grain strongly coupled to a metallic lead is given by the same action considered for a single metallic grain [8, 9] . The relevant diagram is shown in Figure 1 BCS . Then, at energy or temperature scales much lower than ∆ BCS , we can set τ 1 ≈ τ 2 ≈ τ and τ 3 ≈ τ 4 ≈ τ . In this
